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ABSTRACT 


I  I 

Materials  processing  plays  a  central  role  in  the  general  field  of  materials 
science  and  engineering;  indeed,  the  recent  surge  of  R&D  activity  in  rapid  soli¬ 
dification  processing  (RSP)  provides  a  further  example  of  how  the  advent  of  a  ’ 
processing  method  can  catalyze  new  ideas  across  the  wide  spectrum  of  materials 
structure,  properties,  and  performance.  The  major  attention  in  RSP  thusfar  has 
been  directed  toward  achieving  fast  cooling  rates  from  the  pre-alloyed  liquid 
state,  in  the  expectation  that  cost-beneficial  properties  in  final  shapes  of  tech¬ 
nological  importance  can  be  obtained.  Such  processes  typically  involve  (a)  the 
solidification  of  small  droplets,  followed  by  their  subsequent  consolidation  via 
powder-metallurgy  techniques  into  bulk  pieces,  t>r  (b)  the  melt  spinning  of  con¬ 
tinuous  or  discontinuous  lengths  of  thin  ribbons,  or  (c)  the  in-situ  melting  and 
solidification  of  thin  surface  layers. 

j 

Lagging  behind,  however,  is  a  more  basic  understanding  of  the  essential  phe¬ 
nomena  at  play  in  RSP:  (a)  mechanisms  and  kinetics  of  nucleation  and  growth 
during  rapid  solidification;  (b)  connections  between  rapid  solidification  modes 
and  resulting  structures;  (c)  characterization  of  RSP  fine-scale  structures; 
and  (d)  definitive  structure/property  relationships  to  disclose  which  elements 
of  the  RSP  structure  are  actually  contributing  to  the  novel  properties  being  ob¬ 
served.  •  -  I 

I  ■  i 

!  If  RSP  is  to  fulfill  its  promise  for  advanced  technological  applications,  it 
Is  crucial  to  establish  a  sound  body  of  knowledge  for  connecting  the  associated  ■ 
improvements  in  properties  and  performance  back  to  the  underlying  microstructures 
.is  well  as  how  the  microstructures  arc  attained.  i 

!  I 


, 


1  .  Tut  rodnct  Ion 


In  tills  opening  paper,  wo  shall  bo  conoernod  primarily  with  rapidly  sol  id  1  floil 
crvstal 1  I  no  matorlals.  In  contrast  to  the  extensive  attention  that  lias  been  de¬ 
voted  to  amorphous  solids  at  other  conferences  .  F.von  in  the  present  context, 
however,  we  are  interested  in  the  amorphous  state  and  its  controlled  decomposi¬ 
tion  as  a  possible  route  toward  attaining  unique  crystalline  structures,  and 
ultimately,  new  combinations  of  properties.  —  - 


The  term  "processing"  in  the  title  of  the  piesent  conference  conveys  a  tech¬ 
nological  thrust  to  the  phenomena  involved  in  rapid  solidification;  implicit  in 
the  phrase  "rapid  solidification  processing",  cr  RSP  as  we  shall  abbreviate  it, 
is  the  expectation  that  RSP  will  lead  to  significant  advances  in  engineering 
applications  and  societal  benefits.  Nevertheless,  even  to  such  practical  ends, 
a  scientific  foundation  aimed  at  understanding  the  basic  phenomena  at  play  in 
RSP  is  becoming  crucial  to  realizing  the  limitations  as  well  as  the  promise  of 
.this  burgeoning  field  of  technical  activity. 

i  ,  . 

;  In  a  general  sense,  the  processing  of  materials  occupies  a  central  place  in 
Materials  science  and  engineering.  Indeed,  the  interplay  of  internal  structure, 
external  properties,  and  performance  in  service — all  of  which  are  distinctive 
features  of  materials  science  and  engineering— could  not  be  responsive  to  the 
needs  of  society  without  the  processing  operations  that  make  it  feasible  to  pro¬ 
duce,"  fabricate,  and  control  materials  in  cost-effective  ways  to  serve  their  re¬ 
spective  functions.  These  interrelationships  in  materials  science  and  engineer¬ 
ing  are  portrayed  schematically  in  Fig.  1.  Correspondingly,  materials  process¬ 
ing  can  be  described  as  those  combinations  of  operations  which  are  intended  _to 
produce  and  shape  materials,  as  well  as  to  control  their  properties,  so  that_thev 
can  perform  effectively  for  societal  use. 


Mel ting-and-cas ting ,  often  called  solidification  processing  in  modern  times, 
is  well-recognized  as  one  of  the  historic  kinds  of  materials  processing,  espe 
dally  in  the  field  of  metallurgy.  For  present  purposes,  we  shall  now  regard 
rapid'  solidification  as  a  subset  of  solidification  processing  in  which  the  cool¬ 
ing  rate  is  greater  than  about  10^  K/s. 

2..  Advent  of  Rapid' Solidification  Processing 

(2) 

•  What  has  triggered  the  relatively  sudden  surge  of  interest  in  RSP  ?  Ever 
since  the  pioneering  work  of  Pol  Duwez  in  1960  on  splat  quenching  from  the  mol¬ 
ten  state^J  ,  new  horizons  in  structure/property  relationships  became  accessible 
to  the  materials  community  and,  as  this  conference  will  demonstrate,  many  ap¬ 
proaches  to  such  frontiers  are  being  actively  explored. 

t  . 

!  But  the  prospect  of  novel  microstructures  and  new  structure/property  relation¬ 
ships  does  not  fully  account  for  the  current  spotlight  on  rapid  solidification. 
The  critical  event  in  this  saga  was  the  emergence  of  a  process ,  a  process  that  . 
produces  rapidly  solidified  materials  (superalloys  for  jet-engine  applications, 
in  this  case)  on  a  sufficient  scale  and  with  suitable  quality  to  excite  a  quan¬ 
tum  jump  in  technological  potential.  Of  course,  we  are  referring  here  to  the 
advent  of  the  Pratt  ami  Whitney  centrifugal  atomizing  process  with  forced- 
eonveet ive  cool  .ng  of  the  molten  droplets  to  obtain  cooling  rates  on  the  order 
Of  105  -  lO*’  K/s.*  Although  other  atomizing  processes  had  long  existed  for  pro- 


'  I’rat r  and  Whitney  has  designated  this  process  as  RRR,  standing  for  rapid 
.solidification  rate. 
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Fig.  1.  A  schematic  representation  of  materials  science  and 
*  engineering. 


il.lt. V  powders  (e.g.,  )V1S  atomizing),  anti  although  faster  cooling  rat  oh 
hatl  been  .it-li  i  rvoil  l>y  otlior  methods  (e.g.,  sp  I  at  t  inr.)  <  it  was  the  timely  Pratt 
ami  Whitney  Innovation  that  "brought  the  act  together",  even  including  a  realis¬ 
tic  met hml  for  consolidating  the  rapidly  solidified  powders  into  complex  near¬ 
final  shapes.  All  this  caused  the  highly  coupled  materials-information-trans- 
fer  system  in  Fig.  1  to  "resonate",  with  empirical  knowledge  embodying  the  needs 
and  experience  of  society  flowing  from  right  to  left,  while  being  met  counter- 
current  ly  by  scientific  knowledge  and  curiosity  flowing  from  left  to  right.  The 
resulting  reverberation  of  ideas  and  motivations  in  the  domain  of  RSP  has  given 
us  a  model  example  of  how  materials  science  and  engineering  operates  in  its 
interdisciplinary  mode.  Moreover,  1  ike  so  manv  other  instances  of  materials 
innovation,  the  impetus  of  RSr  seems  to  have  originated  more  from  societal  pull 
than  from  scientific  push.  Yet  we  can  be  sure  that,  in  the  long  run,  the  chal¬ 
lenging  promise  of  RSP  will  not  be  fully  .realized  without  the  incisive  explana¬ 
tions  and  refinements  offered  by  the  underlying  science. 

Already  there  is  a  remarkable  pay-off  in  sight  for  RSP  gas-turbine  blades.  , 
The  wafer-blade  design  in  Fig.  2  combines  the  use  of  a  new  nickel-base  alloy 
composition  (6.8Al-14.5Mo-6.2W-0.06C)  together  with  a  complex  array  of  built-in 
cooling  channels,  and  thus  allows  about  a  50  percent  increase  in  the  thrust-to- 
weight  ratio  over  the  current  nickel-base  hollow-cast  blades  made  of  PWA1422 
(9Cr-10Co-2Ti-5Al-12.5W-0.lC-2Hf-0.015B).  The  rapid  solidification  step  makes 
it  possible  to  achieve  hot-rolling  superplasticity  for  producing  strip  stock, 
from  which  the  wafers  can  be  subsequently  slotted  and  assembled  by  diffusion¬ 
bonding.  With  conventional  casting  instead  of  rapid  solidification,  the  massive 
intermetall'ic  phases  in  the  new  high-temperature  alloy  would  render  it  too  brit¬ 
tle  for  fabrication  and  service.  It  may  also  be  noted  that  the  desired  columnar 
grains  for  high-temperature  performance  are  grown  in  the  final  wafer  blades  by 
directional  recrvstallization,  in  contrast  to  the  present  practice  of  growing 
columnar  grains  in  cast  blades  by  directional  solidification. 

I 

i  3.  Some  Typical  Rapid  Solidification  and  Consolidation  Processes 

i  .  * 

For  illustrative  purposes  only,  we  shall  briefly  refer  to  four  rapid  solidi¬ 
fication  processes,  as  depicted  in  Fig.  3.  Two  of  these  methods  (gas  atomiza¬ 
tion  and  centrifugal  atomization)  generate  powders  from  small  droplets,  and  so 
require  later  consol idat ion  for  producing  bulk  shapes.  The  other  two  (melt 
spinning  and  self-quenching)  obtain  rapid  solidification  in  thin-layer  form 
essentially  by  one-dimensional  heat  extraction.  i 

Table  I  compares  the  maximum  cooling  rates  that  can  be  achieved  realistically 
in  rapid  solidification  processes  for  aluminum,  iron,  and  nickel.  Such  limita¬ 
tions  depend  on  the  maximum  feasible  heat-transfer  coefficients  (second  column)  ; 
nnd  t lie  minimum  practicable  size  dimensions  ( third  column).  The ^corresponding 
cooling  rates  in  Table  I  range  from  106  K/s  for  melt  spinning  to  10  K/s  for  thin- 
) aver  self-quenching.  Clearly^  then,  these  cooling  rates  are  orders  of  magni¬ 
tude  faster  than  the  modest  10~  K/s  which  has  been  adopted  to  define  the  lower 
jlimit  of  "rapid  solidification". 

I  The  most  common  methods  of  consolidation  of  RSP  powders  are  hot  isostatic 
pressing  and  hoi  extrusion  (Fig.  4).  Superplasticity  may  he  involved  in  some 
jases  and,  if  si  ,  it  permits  the  Isothermal  forging  of  extruded  billets  into 
liear-final  'shapes.  Of  course,  the  latter  feature  is  also  embodied  in  hot  iso- 
i-t.uic  pressing. 
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Fig.  3.  Four  typical  methods  of  rapid  solidification  processing. 
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Four  consol  illation  methods  related  to  rapid  solidification  processing. 


t  'incremental  oU.II  f  icat  ion  in  Pic.  4  (otherwise  cal  led  I  ivefgl.iz  ing)  l,r,,v  1 :l 
;i  w.,y  of  litii  I  (I  ill)'.  n|>  •>  threo-iliniension.il  shape  l*y  means  ol  rapidlv  sol  nil  lied 
Slivers;  here,  the  rapid  solidification  and  consolidation  are  carried  out  concur- 
trent ly .  This  process  is  in  the  development  stago<5),  as  is  the  indicated  method 
‘of  dynamic  compact ion(6) .  The  latter  offers  the  interesting  possibility  of 
'.accomplishing  rapid  dens  i  f  icat  ion  without  requiring  the  h  i  gh-tem  .erature  expo¬ 
sure  associated  with  hot-forming  operations.  Hence,  by  using  dynamic  compaction, 
one  can  then  study  the  effects  of  thermal  treatments  on  bulk  specimens  of  rapid¬ 
ly  solidified  materials  subsequently  to,  and  separately  from,  the  consolidation 

step. 

Whatever  the  method  of  consolidation,  however,  this  aspect  of  RSP  deserves 
greater  attention  because  the  structure/property  relationships  stemming  from 
rapid  solidification  will  obviously  depend  on  the  efficacy  of  the  consolidation 
process  as  well  as  on  the  final  heat  treatment. 


I  i 
i 


4.  Micro str uctural  Manifestations  of  Rapid  Solidification 


!  The  microstructural  consequences  of  rapid  cooling  from  the  molten  state  are 
Summarized  in  Fig.  5.  In  passing  from  ordinary  casting  practice  to  cooling 
pates  greater  than  102  K/s,  the  microstructural  features  (including  the  scale 
pf  the  mierdsegregat ion)  become  refined  because  the  time  for  coarsening  during 
Solidification  is  reduced.  This  is  why,  for  example,  the  dendritic  arm  spacings 
decrease  with  increasing  cooling  rate  during  solidification  ’  •  •  Nevertheless, 

for  both  the  conventional  and  refined  microstructures,  conditions  of  local 
equilibrium  (although  not  diffusional  equilibrium)  are  considered  to  prevail 
at  the  solid/liquid  interfaces,  i.e.,  the  local  temperatures  and  coexisting 
compositions  are  given  substantially  by  the  equilibrium  phase  diagram.  This 
means  that  the  microstructural  refinement  in  question  results  from  differences 
In  the  growth  process  rather  than  from  undercooling  at  the  nucleation  stage. 

* 

j  With  still  higher  cooling  rates,  however,  nucleation  can  be  depressed  to 
temperatures  well  below  the  liquidus  temperature,  and  then  novel  microstructures 
come  into  existence.  These  are  indicated  in  Fig.  5  as  extended  solid  solutions, 
microcrystalline  structures,  metastable  crystalline  phases,  and  amorphous  solids. 

In  this  regime,  there  can  be  large  departures  from  local  equilibrium  at  the  ad¬ 
vancing  solid/liquid  interfaces,  with  the  solid-phase  entrapping  supersaturated 
concentrations  of  solute  and  impurity  atoms  such  that,  in  the  limit,  the  solid 
may  have  exactly  the  same  (segregat ionlcss)  composition  as  the  parent  liquid. 

We  shall  return  to  these  nonequilibrium  types  of  solidification  later,  but  first 
it  is  desirable  to  deal  in  more  detail  with  cases  of  local  equilibrium  at  moving 
solid/liquid  interfaces. 

•  ! 

It  should  be  emphasized  that  the  three  categories  of  microstructures  blocked 
out  in  Fig.  5  must  he  regarded  as  very  approximate;  as  indicated  in  this  dia¬ 
gram,  they  will  depend  not  only  on  the  cooling  rate,  but  also  on  compositional 
and  process  variables. 

5 .  T  n  to  r  p lav  o f  Temperature  Gradient  and  Solidification  Rate 

Under  Conditions  of  l.oeal  Inter  facial  F.qui  1  ihri  urn  J 

.  j 

Three  solidification-front  morphologies  arc  shown  in  Fig.  6  as  controlled 
Ijy  the  temperature  gradient  (C)  in  the  liquid  phase  just  ahead  of  the  advancing  . 
nt erf. ice  and  by  Jio  interface  velocity  or  solidification  rate  (R),  with  local  j 
q u i i  ihri uni  being  maintained  at  the  interface.  In  these  solidification  processes, 
stecn  temperature  gradient  tends  to  stabilize  plane-front  growth,  whereas  a  I 

...  ,  .HI  I.  I  . I- I'll  IWW— " **  ' 
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Fig.  5.  Microsttuctural  consequences  of  rapid  solidification. 

Note.  these  classifications  are  verv  approximate  and  depend  on 
compositional  and  process  variables  as  well  as  on  the  cooling  rate 
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Fig.  6.  Dependence  of  solidification  morphology  on  temperature 
gradient  (G)  and  solidification  rate  (R) .  The 
qualitative  effect  of  increasing  cooling  rate  (T  =  G.R) 
is  indicated  by  the  sloping  arrow. 


sti'HHSvMUIKv  ( . r  u'  LK'H  (caused  by  equilibrium  p 
vcut  atoms)  tends  to  dcstiiLllIzc  a  plane  front 
and  cellular  regions  tn  Fig.  6  Is  the  locus  of 
the  aforementioned  two  tendencies.  To  th 
emperature-gradient  effect  dominates,  and 
Hy  stable  (with  compositional  homogeneity), 
w)  this  line,  the  solute-gradient  effect  dom 


l.i  nee 


G.R  combinations  tall  in  the  regime  of  constitution 


segregations).  .The  latter 
al  undercooling^ ,  ana  result  in  cellular  growth.  With  still  larger  solute 
gradients,  due  to  faster  solidification  rates^(R)  relative  to  the  operative 
temperature  gradlept  (C) .  the_faMiii>^£^^k?C-RrWI.tl.PiajPkolosy  ls  encounter* d. 

In  the  G.R  spa ce..afL -Fig .^^IfficTpro du'cfllLifvRi' iss  a _naasm^-of  the  cooling  rate 
(T).  Therefore,  as  indicated  by  the  sloping  arrow,  moving  out  to  larger  G.R 
products  in  Fig.  6  corresponds  to  the  microstructural  changes  caused  by  increas¬ 
ing  cooling  rates  in  Fig.  5. 

An  example  of  the  microstructural  refinement  observed  in  aluminum  alloys  as 
a  function  of  increasing  cooling  rate  is  given  in  Fig.  7.  Although  not  shown 
explicitly,  the  G  and  R  values  at  play  here  correspond  to  the  dendritic  regime 
in  Fig.  6,  and  the  segregate  spacings  plotted  in  Fig.  7  are  determined  hy  the 
dendritic  arm  spacings.  Typical  cooling-rate  ranges,  characteristic  of  various^ 
solidificdtibn'irtethbds',''  are’**alSc"'repfes5'h‘lfe3'in'*Frg~.“7.  "The  reduction  In  seg¬ 
regate  spacing  by  two  orders  of  magriittiilArtfuc  to  very  rapid  cooling  is  particu¬ 
larly  significant  from  the  standpoint  of  reaching  compositional  uniformity  by 
lirmogeni  2at  ion  treatments.  Fig.  8  illustrates  the  remarkable  reduction  in  dif¬ 
fusion  time  at  1600K  required  to  reach  99  percent  homogenization  of  tungsten 
in  nickel  for  two  segregate  spacings  typical  of  conventional  solidification  and 
for  two  segregate  spacings  typical  of  rapid  solidification. 

In  discussing  the  regime  of  plane-front  stability  in  Fig.  6,  the  additional 
stabilizing  effect  of  solid/liquid  surface  energy  was  justifiably  ignored 
because  its  contribution  is  negligible  under  the  conditions  at  play.  However, 
it  has  been  shown'10, 11 ‘  that,  at  high  growth  rates  (R)  and  with  the  growth  or 
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Fig.  7.  Segregate  spacing  vs.  cooling  rate  for  aluminum  alloys  solidifying  in  the  dendritic  mode. 
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TYPICAL  VALUES  OF  HOMOGENIZATION  TIMES 
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Fig.  8.  Effect  of  diffusion  distance  (A)  on  the 

homogenization  of  a  Ni-W  alloy  solidified 
at  different  cooling  rates  in  the  dendritic 


Fig.  9.  Regimes  of  homogeneous  plane-front  growth  vs. 

segregated  cellular  and  dendritic  growth  as 
determined  by  the  liquid  temperature  gradient 
(Cr)  am'  ihe  interface  velocity  (solidification 

rate,  R)  in  Al-0.1%  Cu.  Dome-shaped  line 
separating  the  two  regimes  is  the  locus  of 
morphological  stabilicy  (Ref.  12). 
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[  nihcli  C.R-! lin’d  iu  Fig.  9  defines  the  locus  _of__a  given  cooling  rate,  from - j 

"wh icfTiFu  evident  that  the  window  on  G,R  combinations  available  for  avoiding  ^ 
mierosegregat ions  becomes  larger  with  increasing  cooling  rate.  Conversely, 
this  window  becomes  more  restricted  with  increasing  solute  concentration  (CD) . 

6.  Undercooling  and  Moncqui 1 Ibrium  Solidification 

_3.?rhoMMjTsIJ^£USi:s_£if_soUdJLfication_iru.whlch-flucle.atiotv-of-tho-soUd - 

phase  sets  in  at  temperatures  significantly  below  the  liquidus  temperature 
(T,)  of  the  alloy  at  hand  (see  Fig.  10).  Such  instances  may  come  about  be¬ 
cause  of  very  rapid  cooling  (beyond  the  rates  discussed  in  Section  5)  or  be¬ 
cause  of  some  redu.c.t i.0»_i.n_UK. potency :b£  heterrQ?.eneous_nucleat ion  sites.  To  ; 
avoid  unnecessary  complications  for present  purposes,  we  shall  assume  adiabatic 

conditions,  i.e.,  -lhc.-latenL.Cheat._of.  solidification  -  (All)  ..is— absorbed  fast 

enough  within  the  system  so  that,  effectively,  any  heat  removal  from  the  sys¬ 
tem  during  solidification  is  inconsequential. 

Critical  undercooling  is  indicated  as  Case  2  in  Fig.  10,  wherein  nucleation  j 
occurs  at  T2  and  the  recalescence  temperature  (TR)  at  the  solid/liquid  interfac  ; 

is  raised  barely  to  the  solidus  temperature  (Ts) .  This  means  that 

T 

J  c;dT, 

a2  _ _ _ _ _ _  _ _ _ _ _ 

'  and- so” §ol  TdTTi  caTi  o  iT'c'arTTaTce^pl  ace  J^assiv  eTv  -  -  e  h  1 1  r  el  y  within  the  single-  | 

phase  a  field  and  without  composit  16 dal',  partitioning  or  local  equilibrium  at 
the  interface .  Case  1  exemplifies  hypocooling:  here,  Tj  >  T2  and  Tp  >  T^  . 

! Thus ,  although  the  solidification  starts  in  the  massive  mode,  local  equilibrium 
! and  compositional  partitioning  can  ensue  when  the  interfacial  temperature  rises 
into  the  a  +  liquid  field.  This  kind  of  solidification  sequence  accounts^for 
the  solute-rich  cores  which  have  been  noted  in  some  dendritic  structures  .  ( 

Case  3,  with  T3 < T2  and  TR<TS,  illustrates  hvpercool ing.  Cases  2  and  3  both  ( 
result  in  segregationless  solidification  (namely,  complete  solute  trapping  to  , 
produce  a  uniform  composition  in  the  solid  equal  to  CQ) ,  but  because  the  nuclea¬ 
tion  rate  is  likely  to  be  faster,  and  the  growth  rate  slower,  at  the  lower  temp- 
J  erature,  we  can  expect  a  smaller  microcrystalline  grain  size  if  the  solidifica-^ 
tion  process  can  be  depressed  to  the  lower  temperature.  We  shall  come  back  to 
1  the  subject  of  microcrystallinity  later.. 

!  Another  type  of  undercooling  is  represented  in  Fig.  11.  Here,  we  imagine. 

that  the  8  phase  is  not  able  to  nucleate.  In  other  words,  the  extended  liquidus 
:  and  solidus  lines  denote  the  compositions  of  the  liquid  and  a  phases  coexisting. 

}  in  metastable  equilibrium  below  the  eutectic  temperature.  If,  in  addition, 

?  the  a  solidification  can  be  undercooled,  then  the  previously  described  c.ondi- 

1  tions  of  hypocooling,  critical  undercooling,  and  hypercooling  are  also  possi- 
}  bl e  in  this  case,  oven  though  the  composition  Cq  may  now  be  much  more  conccn— 

J  trated  than  the  maximum  a  solid  solubility  limit  given  in  Fig.  10. 

t 

3  Needless  to  say,  undercooling  may  also  result  in  the  formation  of  new  meta¬ 

ls  stable  phases,  whether  crystalline  or  amorphous.  Such  an  example  is  illustrated 

2  in  Fig.  12,  which  merely  extends  the  rationale  of  Figs.  10  and  11.  The  condi¬ 
tions  in  the  middle  diagram  have  been  chosen  to  indicate  critical  undercooling 

_  of  the  metastable  y  phase,  with  suppression  of  the  more  stable  mixture  of  a  and 
-  6  phases.  In  the  right-hand  diagram,  even  the y  phase  is  suppressed  and  the 

liquid  is  undercooled  to  below  the  glass-transition  temperature  (Tg)  where  the 
mctastable  amorphous  state  is  formed;  this  is  a  special  case  of  hyporcoolii.g 
in  which  AH  =  0. 
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CRITICAL 

UNDERCOOLING 


_ "wo  Aii  tf’-A:!pbn;'i.2i.n{VJ.liat_licXecoRfnfaus_niic.li  atian_sltcs^play-a— vit«il-! 

role  in  clot erijii ning  whether  or  noL  hypereoo]  inp,_or  novel  microstructures  cnn  be  j 
attained  instead  of,  say,  refined  dendritic  microstructures.  A  transition  range, 
between  tliesc  two  modes  of  solidification  is  shown  schematically  in  Fig.  13^^.: 
The  cooling  rate  required  to  avoid  dendritic  solidification  (hence,  to  achieve 
massive  solidification)  becomes  less  drastic  with  decreasing  number  and  potency  i 

of  the  heterogeneous  nucleation  sites.  Indeed,  with  small-droplet  dispersions  ! 

1  l  :  ( l  Si  .  i  1  _  __  • _  I 

or—enuils ions vi- vJ— wlii eh-t hereby -iso  1  ate— thc“exrranootrs~TuTcreant‘S— among  some  of  The 

droplets,  the  remaining  "clean"  droplets  may  be  readily  hypcrcooled  even  on  j 

relatively  slow  cooling  from  the  liquid  state.  Clearly,  then,  such  variations  : 

as  melt  cleanliness  and  melt  superheating .may,  .become  determining  factors  in 

whether  massive  solidif  ication-will- be-reached  or — not—. - 

AUTHORS-  /-mi  't'TIRR'S 

7.  -Massive— Solid  if  1  cntd  on ."and  Mi  c  r'QT/r  y~s  t  h~TT  in'i  tv 

The  massive  solidification  that  takes  place  on  hypercooling  not  only  yields  ' 
grains  of  uniform  composition,  but  is  also  capable  of  producing  an  extremely 
small  as-solidified  grain  size — in  the  range  of  1  ;rm  or  less,  hence,  the  term 
nicrocrvstal 1 ine.  Moreover,  unlike  cells  or  dendritic  arms,  adjacent  micro- 
crystallites  tend  to  have  large-angle  boundaries  because  they  originate  from 
independent  nucleation  events. 


|  Cal cu 1  at  ions _have  been  carried  out  ' _ for  the  nucleation  ra te  (T)  and  grow t h  _ 

rate  (R)  in  A1  solidification  during  fast  cooling  (10^  -  10^  K/s) ,  taking  the 

}  .  .  ’  *  T  C'\"  V  - 

evolved  heat  of  solidification  into  account .  Although  fraught  with  many  uncer¬ 
tainties  because  of  the  assumptions  and  estimates  introduced,  the  calculated  ! 
cooling  curves  in  Fig.  14  indicate  that  the  undercooling  increases  with  the  i 
cooling  rate  and,  because  of  recalescence ,  the  sol  id i f ica t i on  in  each  instance 
completes  itself  over  a  relatively  narrow'  temperature  range.  If,  therefore,  the 
indention  and  growth  rates  are  assumed  to  be  constant  during  the  respective  j 

solidification  runs,  the  resulting  grain  size  can  be  expressed  as  d  =  (R/I)'-,  ! 

md  is  plotted  in  Fig.  15  as  a  function  of  cooling  rate.  These  calculations 
ire  in  approximate  agreement  with  the  observed  grain  sizes  in  splat  ted  foils  of 
VI.  However,  this  may  be  fortuitous  in  view  of  the  way  that  the  critical  fret*  ! 
energy  of  nucleation  (or  the  solid-liquid  interfacial  energy)  and  the  tempera-  \ 
:ure  dependence  of  liquid  viscosity  (or  diffusivitv)  were  estimated  for  these 
•al culat ions (16) ,  Better  approximations  of  the  nucleation  parameters  should  now 
ic  possible  considering  the  1 nrger-than-usual  undercoolings  found  more  recently 
jy  using  the  snajT  droplet  technique  to  diminish  the  interference  of  holerogen-  j 
■ous  nucleation' 


Another  route  for  obtaining  microcrystallinity  is  through  crystallization  of 
he  amorphous  state  ’  .  For  example,  on  heating  an  Fe-B  glass,  the  bcc 

e  phase  (supersaturated  with  B)  which  forms  has  an  extremclv-smal 1  particle 
izc  of  about  0.05  um;  but  the  alloy  becomes  quite  brittle  at  this  stage. 

8.  Characterization  of  Rap i d 1 v  Solidified  M i c ros t rue t u res 


To  delineate  and  quantify  the  fine-scale  microstructural  features  of  rapidly 
solidified  alloys  remains  a  central  problem  in  the  field  of  RSP.  Such  character- 
zation  would  include  the  quantitative  electron  microscopy  and  microdiffraction 
if  cells,  dendr’tes,  microcrystallites,  and  d.spersed  phases,  together  with  cow- 
>ositional  profiles  and  interfacial  ml sor i entat ions .  The  importance  of  this 
ilcrostructural  approach  is  generally  two-fold:  (a)  it  sheds  light  on  the  mode 
f  solidification  and  the  operational  factors  that  have  generated  the  structure 
icinp  examined,  and  (h)  it  provides  a  sc  I_e  nlific  basis  for  the  structu  re /pro  p  *  *r  1 1 
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Fig.  13.  Effect  of  cooling  rate  on  dendritic  arm  spacing  and 

microcrystallinc  grain  size;  the  transition  region  is 
shifted  to  lower  cooling  rates  with  reduction  in  the 
efficacy  of  heterogeneous  nucleation^*) . 
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Fig.  14.  Calculated  cooling  curves  for  the  hypercooled 

solidification  of  A1  at  three  high  cooling  rates; 
showing  rccalescence  due  to  the  latent  heat  of 
solidification.  The  Q  parameter  is  obtained  from 
an  assumed  critical  free  energy  of  nucleation  at  a 
selected  degree  of  undcrcool ing(16) . 
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Calculated  grain  size  o£  as-solidified  A1 
based  on  cooling  curves  in  Fig.  1’4  (labeled'"- 
Q  =  1.024).  Better  agreement  with  the 
observed  minimum  grain  size  in  spiat-quenched 
A1  foils  is  obtained  by  adjustment  of  Q  to 
0.853.  The  calculations  show  a  minimum  grain 
size  cut-off  (at  0.4  to  0.1  pm  for  the  two  Q 
values,  respectively)  because  of  the  C-curve 
dependence  of  the  nucleation  rate  on  temperature 
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Fig.  16.  Microstructural  examination  of  high-phosphorus  austenitic  steel 
RSP  powder.  Center  -  STF.M  br ight-f ield  image  showing  cellular 
structure,  with  second  phase  at  cell  boundaries.  Lower  left  end 
right  -  microdiffraction  patterns  from  indicated  points;  cell- 
boundary  phase  Is  amorphous.  Upper  left  and  right  -  electron 
energy-loss  spectra,  indicating  no  carbon  build-up  at  cell 
boundary*20). 


miy  litlK  HI  l  lie  r.u<_-v.  i 


relht  i.Oh. -Ships  'which !  may  emerge  1  roin  Kb!’.  As  it  Happens  t _ _ 

edge- trans for  system  of  Fig.  1  is  presently  quite  weak! 

We  shall  mention  here  only  two  microstructural  studies  reported  in  these 
Proceedings.  The  STKM  bright-field  image''  '  in  Fig.  16  (center)  shows  the 
cellular  structure  of  a  high-phosphorous  austenitic  steel  after  rapid  solidifi¬ 
cation  (centrifugal  atomizing  and  convective  cooling).  Surprisingly,  the  phase 
along-'  It.hC-  £ldXjXhaundarJ-tiS-tnrns.-Q.ut_.t-0--be.- -amorphous-, — in-contrast— to -the— expected 
crystalline  structure  of  the  cells  themselves  (cf.  microdiffraction  patterns  in; 
the  lower  left  and  right  of  Fig.  16).  The  crystalline  patterns  contain  Kikuchi J 
lines  and  these  disclose  very  little  misorientation  between  adjacent  cells. 

/.  '  |  T »  ;  f~-.  *■'*  "■ 1  *  1  «  T  fcl  i  »  | 

According  to  the  electron  energy-loss  spectra.-  (upper,  le.fr  and  right)  ,  there  has 
bben  no  detectable  carbon  build-up  at  the  cell  boundaries.  On  the 'other  hand,  i 
the  microchemical  profiles t_as -determined  Tiy  X-ray  fluorescence  spectra  with  the 
•STEM  and  plotted  in  Fig.  17,  reveal  appreciable  boundary  segregation  of  P,  Cr, 
jand  Ni.  Undoubtedly,  the  phosphorus  concentration  together  with  the  rapid 
cooling  will  account  for  retaining  the  amorphous  phase.  It  is  evident  that 
compositional  uni formity , ' as  would  be  realized  from  massive  solidification,  was 
not  achieved  under  the  cooling  conditions  at  play. 

On  a  different  scale.  Fig.  18  shows  the  austenitic  grain-growth  character¬ 
istics  of  rapidly  solidified  and  extrusion-consolidated  9Ni-4Co  steels,  in  com- 

/  9  i  \ 

parison  with  the  same  steels  conventionally  processed'  .  The  RSP  material 
exliib'I  t's 'Tenia'rlcabl V  res’isTance~*to'*gra"Th  growth”  "even  up  to  1200°C7  The"  indica-  ■ 
|tions  are  that  this  inhibited  grain  grow  this  probably  caused  by  an  extremely 
‘fine  dispersion  of  MnS  particles  resulting  from  the  rapid  solidification  step.  ' 
'.Indeed,  one  of  the  noteworthy  benefits  of  RSP  may  turn  out  to  lie  in  the  dis-  j 
jtribution  control  of  relatively  insoluble  microconstituents.  There  are  obvious 
implications  here  from  the  standpoint  of  mechanical  properties  that  may  now  be 
reached  in  ultrahigh-strongth  steels. 

9,  Scientific  Challenges 

Wc  conclude  with  a  brief  list  of  scienti f ic . challenges  in  the  field  of  RSP,  ' 
which  arise  either  explicitly  or  implicitly  from  the  foregoing  text: 

A.  A  still-deeper  understanding  is  needed  of  nucleation,  growth,  segregation, 
and  phase  sequences  under  conditions  of  rapid  cooling  and  various  degrees  of 
undercooling. 

B.  New  approaches  for  mapping  metastable  phase  fields  are  desired. 

C.  Experimental  methods  for  measuring  thermal  fields  during  rapid  solidi¬ 
fication  have  to  be  developed  and  applied,  in  conjunction  with  more  realistic 
heat- flow  models. 

D.  Quantitative  characterization  of  the  fine-scale  microstructnrcs  asso¬ 
ciated  with  rapid  cooling  and  undercooling  is  now  essential.  Special  effort 
[should  be  given  to  microcrystalline  structures. 


E.  Using  the  amorphous  state  as  precursor  to  forming  novel  crystalline 
;tructures  requires  detailed  attention. 


IHT'.’  TA3T  a  3  -2- 
yv-Vi  uo/i  •  -  - 


AUSTENITIC  GRAIN  SIZE,  MEAN  LINEAR  INTERCEPT  (pm) 


first  o:  nxi 


AUSTENITIZING  TEMPERATURE  (°C) 


Fig.  18.  Austenitic  grain  size  of  9Ni-4Co  steels  vs.  austenitizing 
temperature  (1  hr.)  comparing  conventially  processed  and 
RSP  steels (21) . 


ftfcSSITlit'  :f  lin'd. mental  s  of  powder  comp.ic t  ton  and  subsequent  processing  need _ j 

parFTcu  1  a"r7 st iuty  Tn  " th~fight ‘  of  RSP  and  the  microstructural  ehnnp.es  involved. 

G.  Virtually  untouched  thusfar  is  a  basic  model  -  experiment  approach  to 
structure/property  relationships  in  KSP  materials.  This  part  of  the  overall 
RSP  program  is  likely  to  become  a  key  element  in  determining  just  what  aspects 
of  RSP  are  actually  responsible  for  improved  performance  and,  in  turn,  just 

what gpe*!  J -OP  1  r  1  It  ra  p  i  d  sol  idi  f  i  ration- and — subsequent—  process  i  ng  to-gone  r-a  t  e— 

the  microstructural  features  which  are  really  important. 
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All  of  these  challenges  are  closely  interrelated,  and  offer  a  timely  example, 
of  materials  scieacc_aud_eugin£.crlng_l'J3L_wark,.r: - 
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National  Bureau  of  Standards,  nor  does  it  imply  that  the  material  or  equipment 
identified  is  necessarily  the  best  available  for  the  purpose. 


TABLE  I 


COOLING  RATE  LIMITATIONS  IN  RSP 


HEA1  TRANSFER 
COEF  FICIENT 

USEFUL  LOWER 
SIZE  LIMIT 

AVG.  MAX.  COOLING 
RATE  IN  LIQUID 

Al,  Fe.  Ni 

ATOMIZATION 

~iOf,W/m2  •  K 

—  10pm 

~1  5x107K/s 

MELT  SPINNING 

~105 

~25 

~106 

SELF 

QUENCHING 

TENDS  TO 
INFINITY 

~10 

-.108 

HUSI  LICE  Or  f  i-X  I 
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